A kinetic model for flame inhibition by antimony-halogen compounds in hydrocarbon flames is developed. Thermodynamic data for the relevant species are assembled from the literature, and calculations are performed for a large set of additional species of Sb-Br-C-H-O system. The main Sb-and Br-containing species in the combustion products and reaction zone are determined using flame equilibrium calculations with a set of possible Sb-Br-C-H-O species, and these are used to develop the species and reactions in a detailed kinetic model for antimony flame inhibition. The complete thermodynamic data set and kinetic mechanism are presented. Laminar burning velocity simulations are used to validate the mechanism against available data in the literature, as well as to explore the relative performance of the antimony-halogen compounds. Further analysis of the premixed flame simulations has unraveled the catalytic radical recombination cycle of antimony. It includes (primarily) the species Sb, SbO, SbO2, and HOSbO, and the reactions: Sb+O+M=SbO+M; Sb+O2+M=SbO2+M; SbO+H=Sb+OH; SbO+O=Sb+O2; SbO+OH+M=HOSbO+M; SbO2+H2O=HOSbO+OH; HOSbO+H=SbO+H2O; SbO+O+M=SbO2+M . The inhibition cycles of antimony are shown to be more effective than those of bromine, and intermediate between the highly effective agents CF3Br and trimethylphosphate. Preliminary examination of a Sb/Br gas-phase system did not show synergism in the gas-phase catalytic cycles (i.e., they acted essentially independently).
Introduction
Antimony trioxide, together with organochlorine and organobromine compounds, is a widely used fire retardant additive in commodity polymers. This application represents the largest commercial use of antimony (as well as of bromine). The fire retardant action is believed to occur in the gas phase (Fenimore and Martin, 1966b , Fenimore and Martin, 1966a , Fenimore and Jones, 1966 , Fenimore and Martin, 1972 ). Yet in spite of the long use and many studies of antimonybromine systems as fire retardants, for example (Hastie and McBee, 1975 , Khalturinskii and Rudakova, 2008 , Lewin, 1999 , Lewin, 2001 , Linteris, 2002 , Salmeia et al., 2015 , Weil, 2011 , Weil and Levchik, 2007 , there have been few fundamental studies describing the gas phase inhibition mechanism by antimony and its synergetic effect when combined with chlorine or bromine.
Unlike most other gas-phase active flame inhibitors, there are no kinetic or thermodynamic models for antimony flame inhibition, and consequently, there has been no simulation or analysis of those systems. Due to health, environmental, and other concerns, there is motivation in industry to find alternatives to the antimony-bromine system for fire retarding high-volume commodity polymers.
It is believed that a detailed understanding of the flame inhibition mechanism of the antimonybromine system will allow more efficient use of existing and new formulations, as well as development of alternative compounds.
There have been a few experimental studies of the inhibition effectiveness of antimony compounds for gas phase flames. In seminal work, Lask and Wagner (Lask and Wagner, 1962) examined the reduction in laminar burning velocity (using nozzle burners) and flammability limits with addition of a wide variety of compounds (including the elements: P, Br, Cl, Ti, Sn, Ge, Fe) to premixed hexane-and hydrogen-air flames. In related unpublished work (as cited in (McHale, 1969) ) they did measurements with SbCl3 and found it to be about 15 % less effective than the highly effective agents SnCl4, TiCl4, and POCl3, which, based on experiments in premixed methane-air flames for SnCl4 and CF3Br , implies that SbCl3 is about 2.6 times as effective as CF3Br. Miller et al. (Miller et al., 1963) studied the influence of antimony pentachloride on hydrogen-air burning velocities, and found it to be about five times as effective as CF3Br for rich flames. In molecular-beam mass spectrometry experiments, Hastie et al. (Hastie, 1973a , Hastie, 1973b , Hastie and McBee, 1975 determined the flame structure of methane-air flames inhibited by SbCl3 and SbBr3. All these studies demonstrated that antimony compounds themselves are effective flame inhibitors.
The goal of the present work is to develop a kinetic model of flame inhibition by antimonybromine compounds and use it to study the influence of Sb-Br compounds on premixed flames.
To this end we have performed calculations of thermodynamic properties for a large set Sb-Br-C-H-O species, and use these in combustion equilibrium calculations for methane-air flames doped by Sb-and Br-containing additives. Based on these calculations and the experimental results for similar systems in the literature, a limited set of relevant species is suggested for initial kinetic model generation. This model is used to simulate the influence of several Sb-containing compounds (SbH3, SbCl3, SbCl5, SbBr3, ClSbO, BrSbO) on the burning velocity of methane-air flames; for comparison, data for the inhibition effectiveness of bromine-(HBr) and phosphoruscontaining (TMP, trimethyl phosphate) additives are also presented. The mechanism of inhibition by antimony compounds is studied; and finally, a simple binary system with Sb-and Br-containing species is simulated to explore synergism in the gas phase.
Kinetic models and modeling procedure
Although it is most desirable to test the Sb flame inhibition model using data for a simple Sb-containing hydrocarbon, there are no such data in the literature for comparison. Data only exist for H2-air flames inhibited by SbCl5 (Miller et al., 1963) and hexane-air flames inhibited by SbCl3 (McHale, 1969) . Hence, in order to test the Sb mechanism against experimental data, kinetic models are required for Sb/Cl flame inhibition in hydrocarbon-air flames (hydrogen-air, hexaneair), as well as for the combined Sb/Br flame inhibition (present work), and methane-air flames (for exploratory simulations). In total, the inhibiting species of interest (for which mechanisms are required) in the present work are: SbH3, SbBr3, BrSbO, SbCl3, SbCl5, ClSbO, Sb4O6, CF3Br, HBr and TMP (trimethyl phosphate). The sources of these required models are described below.
For methane and hydrogen flames, the kinetic model Grimech-3.0 is employed (Smith et al., 2000) . For hexane, the C1-C4 model of Wang et al (Wang et al., 2007 ) is used as a basis, as in our previous work (Babushok et al., 2012) , with the work of Burcat et al. (Burcat et al., 1996) providing decomposition pathways down to C1-C4 species. The bromine-species reactions (Br-C-H-O) are extracted from a recently-developed mechanism for C3H2F3Br flame inhibition (Babushok et al., 2015) . The chlorine-species reactions (Cl-C-H-O) are extracted from recent work for C2HF3Cl2 flame inhibition (Babushok et al., 2014) . Since P and Sb are in the same periodic group, simulations with a phosphorus compound are useful for comparison. Trimethylphosphate (TMP) is used for these comparisons, since experimental, modeling, and validation studies have been performed for it. To model phosphorus-species flame inhibition by TMP, the kinetic model of Jayavera et al. is used (Jayaweera et al., 2005) . Development of the kinetic model for antimonybromine compounds is described below.
Note that Sb4O6, antimony oxide, is used as a model compound for test calculations and for comparison purposes. Sb4O6 is a product of antimony combustion in air for a low temperature range. It is known that evaporation of antimony trioxide, Sb2O3 leads to Sb4O6 in a gas phase (Asryan et al., 2004 , Behrens and Rosenbla.Gm, 1973 , Kunkel et al., 2014 . The kinetics of the decomposition of Sb4O6 in the flame is represented by a simplified, overall reaction down to the Sb-containing species considered in the kinetic model. It is assumed that the decomposition details have a relatively small impact on the burning velocity of inhibited flames, as discussed previously (Linteris et al., 2000) . The Chemkin set of programs of Sandia Laboratory is used for the combustion equilibrium calculations and for modeling laminar premix flames. Typical values of grad and curve parameters are 0.12 and 0.27, respectively, for the calculations.
Results and Discussion
3.1. Sb-, Br-, and Cl-containing species list and thermochemical data A starting list of compounds for inclusion in the model was developed from consideration of possible antimony species containing Br, Cl, H, C, and O. Resources for this list include the CAS registry (SciFinder) and thermodynamic databases (Goos et al., 2012 , Gurvich et al., 1993 ).
Further refinement was performed based on calculated thermodynamic data (Skulan et al., 2006) , analogy with the phosphorus flame inhibition model (Jayaweera et al., 2005) , mass-spectrometry (Hastie, 1973a , Hastie, 1973b , Hastie et al., 1986 , Hastie and McBee, 1975 and spectroscopic (Farber and Srivastava, 1975) species measurement in flames, and other species observed experimentally. The list is presented in Error! Reference source not found.. In this initial mechanism, the list was constrained to species with one antimony atom (assuming that in flame reaction zone, the antimony species will have decomposed to those with only one Sb atom). As described below, thermodynamic calculations indicate a relatively high concentration of Sb atom at equilibrium; therefore, some recombination of Sb atoms can be expected and the species Sb2 was included.
As indicated in Error! Reference source not found., thermodynamic data were obtained or calculated for the heat of formation ΔHf, entropy S, and specific heat Cp at 298 K. Literature data from Burcat et al. (Goos et al., 2012) , Skulan et al. (Skulan et al., 2006) and the IVTANTHERMO database (Gurvich et al., 1993) were used when available. For the remaining species of interest, thermodynamic data were calculated at the CCSD(T)/aug-cc-pVTZ level of theory based on structures optimized at the BP86/SV(P) level as implemented in the program package TURBOMOLE (Ahlrichs et al., 1989) . This was done using standard protocols for thermodynamic function calculations like rigid rotor and harmonic oscillator. Consideration of relativistic effects by ECP (as implemented in TURBOMOLE) was performed (with no spin-orbit coupling). Based on the calculated properties, data in CHEMKIN format (polynomials) were generated, as presented in the Supplementary Materials.
Flame equilibrium calculations
In order to estimate the relative potential contribution of the different species in Error! Reference source not found. at flame temperatures, combustion equilibrium calculations were performed (constant pressure, constant enthalpy or temperature) using the Sandia EQUIL program (Reynolds, 1986) . The initial conditions are methane-air mixtures at 298 K, 1 bar, to which the antimony compound (SbH3, SbBr3) is added at a volume fraction (in the entire mixture) of 0.25 %.
For the additive SbH3, Figure 1 shows the equilibrium volume fraction for each of the species in Error! Reference source not found. (for those having a peak value above 10 -11
) as a function of temperature. Figure 2 shows the results for SbBr3 addition as a function of combustion temperature, while Figure 3 shows the results as a function of the initial equivalence ratio of the methane-air flame. As Figure 1 and Figure 3 show, the main Sb-containing species, in approximate order of relative abundance, are HOSbO, Sb, SbO, Sb(OH)3, Sb(OH)2, SbOH, SbH, HSbO, SbO2, and HOSbO2. To determine the influence of agent loading on equilibrium product distribution, calculations (not shown here) were also performed varying the initial antimony species (in this case, SbH3) volume fraction from 0.1 to 3 %. The results show an approximate linear increase in all product species concentrations, with no major changes in the product distributions. For SbBr3 addition (also at a volume fraction of 0.25 %), Figure 2 shows that the major equilibrium species in the methane-air flame are: HBr, Br, HOSbO, BrSbO, Sb, SbO, (OH)2SbBr, Br2, (HO)SbBr, SbBr, BrOH, BrO, SbBr3, SbBr2, and (OH)SbBr2. Based on these equilibrium calculations and the results for the similar phosphorus inhibition mechanism, the following species were adopted for the first iteration of the kinetic model of antimony species: Sb, SbO, SbO2, SbO3, HOSbO, HOSbO2, Sb2, SbOH, and SbH. To model the behavior of SbBr3, SbCl3 and SbCl5 the following species were additionally included: SbBr3, SbBr2, SbCl5, SbCl4, SbCl3, SbCl2,SbCl, ClSbO, SbBr, and BrSbO.
The present equilibrium calculations for antimony-containing species can be compared with similar calculation for phosphorus-containing compounds. For the antimony system, the results show a high concentration of Sb atoms, while SbO and HOSbO dominate as the main oxygenated antimony species. This is in a contrast to phosphorus-containing inhibitors for which the dominant gas-phase oxygenated species are PO2, HOPO and HOPO2, and P atom is not important. The equilibrium concentration of HOSbO2 is substantially less than HOSbO implying that inhibition chemistry should be dominated by the HOSbO species. This is the opposite of phosphorus inhibition chemistry where both HOPO and HOPO2 species are important, and participate in two scavenging cycles: PO2 < = > HOPO and PO2 < = >HOPO2.
Note that experimental results (Farber and Srivastava, 1975, Hastie, 1973a) detected Sb atom, SbO, HOSbO2, OSb(OH)3 and Sb4O6 in the flame reaction zone and combustion products of methane-air and hydrogen-air flames. The species Sb4O6 species was observed in the preheat zone of a methane-air flame (Hastie, 1973a) . We believe that the significant concentrations of OSb(OH)3 and HOSbO2 observed in the experiments of Farber and Srivastava (Farber and Srivastava, 1975) are the result of post-flame reactions during the quenching process with the additional mixing with the surrounding air.
Kinetic model of inhibition by antimony-containing compounds
To our knowledge there are no available gas phase kinetic models which include Sbchemistry, and a review of the literature shows that elementary rate data for reactions of Sbcontaining stable species and radicals are practically absent. A list of plausible reactions with Sb-, Br-and Cl-containing species was considered. They include the decomposition reactions of SbH3, SbBr3, SbCl3 and SbCl5, reactions of HOSbO, HOSbO2, BrSbO and ClSbO and its products (Sb, SbO, SbO2, SBO3, SbH, SbH2,SbOH, SbBr, SbBr2, Sb2) with the important radicals (H, OH, O, Br, Cl, CH3, HCO, HO2), the main hydrocarbon species (CH4, C2H6, CH2O), and with the bromine-and chlorine-containing species. Based on thermochemical considerations and estimation of species equilibrium concentrations, this list was reduced to that in Table 2 . It contains 179 reactions with 16 Sb/Br-containing species (Sb-Br system), which are combined with the Grimech 3.0 model for methane oxidation, and the CF3Br flame inhibition kinetic model (Babushok et al., 2015) for the bromine-species part of the mechanism. The antimony-chlorine kinetic sub-model is presented in the Supplemental Material. Most of the rate constants are estimated based on analogy and using empirical correlations.
As a first step for validating a kinetic mechanism, it is useful to have burning velocity data for inhibited flames for comparison with calculated values. Unfortunately, despite the widespread use of antimony as a fire retardant, there are practically no available experimental data on the effects of Sb-C-H-O compounds on air/hydrocarbon flames for comparison with model predictions. As described above, Miller et al. have provided experimental data (intended for screening purposes) (Miller et al., 1963) , of the effect of numerous flame inhibitors on the burning velocity of hydrogen-air flames measured using the total area method with conical premixed flame (Andrews and Bradley, 1972) . Using their data, Figure 4 shows the measured and predicted burning velocity of a hydrogen-air flame (298 K, 1 bar, equivalence ratio of 1.75) with added SbCl5. Although there is large scatter in the experimental data, the agreement appears to be reasonable. Other available data include the unpublished work of Lask and Wagner (cited in (McHale, 1969) ) described above, for stoichiometric premixed n-hexane-air flames (modelled as 298 K, 1 bar) with added SbCl3. As with the other inhibitors of the study, the data are reported as the quantity of SbCl3 required to reduce the burning velocity of the flames by 30 %. The numerically calculated volume fraction for this level of flame inhibition is 0.18 %, which compares reasonably well to the experimental value (0.22 %).
Burning velocity simulations, mechanism of flame inhibition by antimony
The influence of inhibitor concentration on the burning velocity of laminar hydrocarbonair flames is often used as a metric for flame inhibition effectiveness. For comparison purposes, Figure 5 shows the calculated burning velocity of stoichiometric methane-air flames with added SbH3, SbBr3, SbCl3, Sb4O6, BrSbO, and ClSbO, as well as for the more thoroughly studied (and validated) agents CF3Br, HBr and TMP (PO(OCH3)3). Using the current mechanism, SbH3 is less effective than the phosphorus compound (TMP), but more effective than bromine containing compounds. As with most flame inhibitors, the marginal reduction in burning velocity decreases as the volume fraction of agent increases (saturation of the inhibition effect (Noto et al., 1998) ).
At relatively small additive concentrations, the burning velocity reductions of different antimony compounds are relatively close to each other, and close to that of antimony itself (for which data are not shown, but which is the most effective moiety of antimony compounds). Addition of Br atoms to the antimony-containing compound increases the inhibition effectiveness significantly, proportional to the number of Br atoms; Cl addition provides a significant but smaller effect, consistent with previous findings for halogen inhibition (Dixon- Lewis and Simpson, 1977 , Westbrook, 1982 . With the present kinetic mechanism, the modeling results show that for a 10 % reduction in burning velocity (a common metric), Sb-containing compounds (e.g., Sb4O6) are approximately 3 and 4.3 times more effective than CF3Br and HBr, respectively.
For a methane-air flame with SbH3 added at a volume fraction of 0.2 %, Figure 6 shows the volume fractions of major species of interest as a function of position in flame. Concentrations of the species SbH2 and SbH, which are intermediates during decomposition of SbH3, are small as a result of their high reactivity. The species HOSbO is present at the highest volume fraction in the flame (around 0.001), existing at super equilibrium levels in the preheat zone, and then approaches equilibrium. The species SbO forms slightly later in the preheat zone, is also present at super-equilibrium levels (about 10x), and then decays towards equilibrium concentrations. The species Sb forms still later, and is sub-equilibrium throughout. The dips in the concentrations of these species at the location of peak radical concentration (flame coordinate of 0.05 cm to 0.1 cm) are related to their consumption in the catalytic radical recombination cycles described below. The volume fraction of another important species in the cycle, SbO2, is approximately one to two orders of magnitude smaller than that of SbO as a result of relatively high rates of its conversion to HOSbO. 
SbO2+H2O=HOSbO+OH (8) HOSbO+H=SbO+H2O (9) As the figure shows, there are multiple catalytic radical scavenging cycles. The simplest is the binary cycle Sb  SbO via reactions (1), (4), and (5), while a similar cycle SbO  HOSbO via reactions (6) and (9) also plays a role. The next is more complicated: Sb atom reacts to form SbO2
(via reaction (2) or reactions (1) followed by (3). Reactions of SbO2 with H2 and H2O lead to the formation of antimonic acid (HOSbO). The reaction of HOSbO with hydrogen atom (9) leads to SbO and H2O and completes the second cycle.
For the present conditions (stoichiometric methane flame with initial SbH3 volume fraction of 0.25 %) the first cycle is about 30 % as important of the second cycle (based on the Sb-atom consumption rates). A rough estimate of the regeneration coefficient (the number of radicals recombined per molecule of active catalytic species) (Noto et al., 1998) shows that it is in the range of 15 to 25 (depending on agent concentration and conditions). This value reflects a higher inhibition effectiveness of antimony-containing compounds in comparison with CF3Br, which has an estimated regeneration coefficient between 5 and 7 (Noto et al., 1998) .
The antimony catalytic cycles of Figure 7 can be compared to those of phosphorous (e.g., DMMP Tsang, 1999, Jayaweera et al., 2005 but for the phosphorus system, they are roughly of the same order of magnitude.
Antimony-bromine gas-phase synergism
The combination of antimony trioxide with a chlorinated or brominated species in polymers is empirically known to be a synergistic fire retardant mixture for polymers. Hence, it is of interest to explore if the present model shows any synergism in the gas-phase inhibition mechanism of a system with both Sb and Br present. To this end, the laminar burning velocity of a stoichiometric methane-air flame was calculated with an additive composed of varying levels of SbH3 and HBr. The total additive volume fraction was fixed at either of 0.1 % or 0.2 %, and the fraction of SbH3 in the inhibitor was varied from 100 % to 0 % (with the rest HBr). It is of interest that combining effective moieties (e.g., Br and Sb) in a single molecule actually reduces the availability of one of the moieties to participate in its own inhibition cycles.
Hence, in order to show synergism, the combined species would have to have a particularly effective catalytic cycle to compensate for the loss of the cycle of one of the elements.
The above analysis for synergism is limited to the ideal case of two effective inhibitors already present in the gas phase, and explores the possibility of synergism in radical recombination cycles. Nonetheless, actual fire retarded polymers have many other physical and chemical processes in which synergistic action may be occurring. These include polymer and fire retardant decomposition rates (and timing), char formation, transport of the active species to gas phase, and interactions of the resultant flame (and its heat release) with the fuel decomposition (i.e., fuel generation) processes. While examination of these processes is beyond the scope of the present work, the availability of a validated gas-phase kinetic model for flame inhibition by antimony and bromine can clearly help to distinguish between fire retardant mechanisms and synergistic effects for specific physical and chemical systems of interest.
As one example of the type of information that might prove to be useful, examination of the kinetics of antimony-inhibited flames has indicated that the species Sb4O6 may play an unexpected role. In the polymer industry, antimony trioxide (Sb2O3) (Hastie, 1973a, Hastie and McBee, 1975) . Nonetheless, Sb2O3
likely forms as an intermediate species in the gas phase, and experimental measurements show that Sb2O3 then forms Sb4O6 as a main antimony compound in the gas phase (Asryan et al., 2004 , Behrens and Rosenbla.Gm, 1973 , Kunkel et al., 2014 . Preliminary flame equilibrium estimates (using thermochemistry of Sb4O6 from (Gurvich et al., 1993) ) demonstrate that this compound is rather stable at high temperatures, and may survive in a combustion atmosphere up to 1400 K to 1700 K. This high stability of Sb4O6 in the gas phase should lead to the delay in formation of the species active in the catalytic cycle (Sb, SbO, SbO2 and HOSbO), and hence delay of inhibition processes. While rudimentary reactions for the formation and consumption of the species Sb4O6
are not in the present mechanism, its formation may play an important role in the effectiveness of antimony compounds as gas-phase fire retardants. Moreover, since the condensation process is strongly influenced by the time-temperature history in the flowfield of the relevant flame (i.e., fire) (Rumminger and Linteris, 2002) , any sequestration of the active Sb compounds to Sb4O6 may be strongly affected by the particular flame structure of the test method, fire, or polymer of interest.
Conclusions
The present work has developed the first detailed kinetic model for gas-phase flame inhibition by antimony compounds, as well as ones for antimony/chlorine and antimony/bromine systems. These models can serve as the basis for further development, testing, and refinement.
The first steps at model validation were made using available data from literature, and the model was applied via premixed flame speed simulations to gain insight into gas-phase flame inhibition by antimony/halogen compounds. The main results of the present study are: 1) Thermochemical data for the relevant species of Sb-Br-Cl-H-C-O compounds in flame environments were assembled from the literature; when needed data were missing, they were calculated. These data provide a basis for flame inhibition models by Sb-, Cl-, and Br-containing compounds.
2) Combustion equilibrium calculations were performed to determine the main antimonybromine species in combustion products and in a flame reaction zone. Calculations were performed for species distribution as a function of combustion temperature, equivalence ratio, and inhibitor loading for representative compounds (SbH3 and SbBr3) in a methane/air flame. 
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